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ionization  and  dissociation  steps  in  the  H2+  molecule  using  tightly  synchronized  few-fs  EUV  and  few-cycle  mid-IR  pulses.  We 
developed  a  cryocooled 

laser  and  optical  parametric  chirped  pulse  amplification  based  light  pulse  architecture,  producing,  by  high  harmonic  generation,  a 
1 6-18  eV 

isolated  single-femtosecond  EUV  pulse  source,  and  by  adiabatic  difference  frequency  generation  and  optical  parametric 
amplification,  octavespanning 

energetic  mid-IR  pulses  at  2.6  and  6  micron  wavelengths.  In  addition,  we  developed  improvements  to  the  FROG-CRAB  attosecond 
EUV 

pulse  characterization  method  to  aid  precision  attosecond  spectroscopy  experimentation,  and  a  two-color  EUV/mid-IR  pump 
probe  ion 

spectroscopy  system,  employing  coherent  wavelength  multiplexing  for  tight  synchronization  between  optical  pulses,  an  actively 
stabilized  Mach- 

Zender  interferometer  for  scanning  the  delay  between  these  pulses  under  vacuum,  and  a  vacuum  target  chamber  allowing  the 
sequential  use  of 

electron  and  ion  time-of-flight  spectrometers  for  in  situ  EUV  pulse  characterization  and  ion  spectroscopy  of  strong-field  molecular 
dissociation 

dynamics.  The  scalability  of  this  system  in  average  power  and  repetition  frequency  will  allow  for  a  powerful  strong-field  physics 
platform. 
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Abstract 


The  overarching  goal  of  our  program  was  to  develop  a  novel  laser  and  ion  spectroscopy  system 
and  to  use  it  for  the  study  of  strong-field  light- matter  interactions  in  the  H2  molecule,  with 
molecular  ionization  and  dissociation  timed  precisely  by  means  of  synchronized  few-fs  EUV  and 
few-cycle  mid-IR  pulses.  This  scheme  is  predicted  to  allow  synchronization  of  a  bound 
vibrational  wavepacket  oscillation  cycle  with  a  mid-IR  electromagnetic  field  cycle.  While  our 
laser  system  was  too  low  in  EUV  flux  to  study  the  dissociation  physics  of  the  H2  molecule  in  the 
two-color  pulse  scheme  (upgrade  to  a  laser  repetition  rate  of  >  10  kHz  will  be  necessary),  our 
efforts  produced  advances,  some  major,  in  several  core  technologies  that  can  be  used  for  such 
experiments  in  the  future.  These  technologies  include 

•  Two-color  driven  (EUV/mid-IR)  ion  spectroscopy:  we  designed  an  interferometer 
combining  EUV  and  mid-IR  light  pulses,  stable  to  within  a  fraction  of  the  mid-IR  light 
field  period,  with  a  H2  molecular  gas  target  at  the  aperture  of  an  ion  time-of-flight  (TOF) 
spectrometer  for  molecular  ion  spectroscopy,  an  electron  time-of-flight  (TOF) 
spectrometer  for  attosecond  pulse  characterization,  and  an  EUV  spectrometer  for  EUV 
light  pulse  spectral  characterization,  all  accessible  while  the  system  remains  under 
vacuum. 

•  Low  photon  energy  (16-18  eV)  isolated  single-femtosecond  EUV  pulse  generation: 

combining  the  use  of  low  ionization  threshold  gas,  an  annual  near-IR  drive  beam, 
polarization  gating,  and  spectral  filtering,  we  engineered  a  source  of  isolated  EUV  light 
pulses  covering  the  narrow  range  of  frequencies  allowing  excitation  of  H2  to  bound  H2+ 
with  a  duration  short  enough  (2.6  fs)  to  last  a  fraction  of  a  bound  H2+  vibrational 
wavepacket  cycle.  This  is  a  first  source  of  isolated  EUV  pulses  in  this  energy  range  and 
at  close  to  transform  limited  duration,  and  we  expect  our  results  will  inform  the 
approaches  used  by  attosecond  and  photoemission  spectroscopy  researchers  in  the  future. 
Furthermore,  we  improved  the  FROG-CRAB  EUV  pulse  characterization  method  by 
means  of  a  new  algorithm  allowing  increased  accuracy  that  will  be  valuable  generally  for 
attosecond  spectroscopy,  especially  in  the  low-photon  energy  range,  where  the  state-of- 
the-art  approach  can  be  plagued  by  significant  systematic  errors. 

•  Few-cycle,  intense,  2.6-  and  6-micron  mid-IR  pulse  generation:  combining  a  novel 
nonlinear  optical  approach  for  coherent  octave-spanning  mid-IR  seed  pulse  generation 


(adiabatic  frequency  conversion)  with  novel  nonlinear  optical  materials  for  mid-IR  OPA 
(ZGP  and  CSP),  and  using  our  few -cycle  2-micron  pulse  source  as  the  OPA  pump,  we 
demonstrated  octave-spanning  intense  mid-IR  pulses  centered  in  the  5-6  micron  range. 
These  pulses  can  drive  strong-field  dissociation  synchronized  to  the  vibrational  frequency 
of  H2+.  The  technologies  demonstrated  here  are  major  advances  that  will  boost  strong- 
field  physics  in  the  mid-IR  range,  an  area  of  current  interest  by  the  AFOSR  and  DoD. 

•  High-energy  coherent  synthesis  of  few-cycle  near-IR  and  mid-IR  light  pulse  sources: 

Using  a  cryo-Yb:YAG  picoseond  pump  laser  we  scaled  both  800-nm  and  2-micron 
OPCPA  systems  in  our  pulse  synthesizer  to  produce  few-cycle,  sub-mJ-energy  pulses. 
These  pulses  can  be  coherently  locked  by  means  of  the  coherent  wavelength  multiplexing 
method  to  within  a  small  fraction  of  the  mid-IR  optical  period.  We  improved  the 
picoseond  cryo-Yb:YAG  laser  amplifier  technology  to  be  superior  in  stability,  duration, 
and  pulse  energy.  These  improvements  to  OPCPA  technology  are  major  advances  for  the 
field. 

Together,  these  technologies  represent  a  significant  step  forward  for  attosecond  and  strong-field 
spectroscopy,  employing  a  laser  technology  suitable  for  high  average  power  and  precisely 
shaped  two-color  pulse  sequences  to  be  used  for  control  of  atoms  and  molecules  along  both 
electronic  and  vibrational  degrees  of  freedom. 

List  of  milestones  reached 


Ion  spectroscopy 

1 .  Designed  and  implemented  an  ion-time-of-flight  (TOF)  spectrometer  and  a  new  vacuum 
chamber  for  combining  ion  TOF,  electron  TOF,  and  photon  spectroscopy  of  strong-field 
dissociation.  Incorporated  an  acceleration  scheme  for  H2  gas  fragments. 

2.  Implemented  a  hydrogen  gas  line  and  verified  generation  of  H2+  and  H+  ions  by 
multiphoton  ionization  and/or  strong-field  dissociation  in  an  intense  IR  field,  and  by  direct 
photoionization  by  attosecond  EUV  pulse  trains. 

EUV/Attosecond  pulse  generation 

3.  Verified  operation  of  our  home-built  attosecond  pulse  diagnostic  (FROG-CRAB  method)  by 
characterization  of  attosecond  pulse  trains. 

4.  Completed  construction  of  a  hollow-core  fiber  compressor  and  dispersion  management 
system  as  a  few-cycle  800-nm  driving  source  test  bed  for  optimizing  isolated  EUV  pulse 
generation. 

5.  Investigated  low-energy  EUV  harmonic  generation  by  using  non-traditional  molecular  gases 
for  HHG  with  low  ionization  threshold.  Confirmed  high-flux  1 1-th  harmonic  generation  for 
pumping  H2  gas  in  the  16-18  eV  energy  band  required  to  produce  bound  H2+. 

6.  Improved  the  FROG-CRAB  retrieval  algorithm  used  for  characterization  of  the  1-fs  EUV 
pulse  amplitude  and  phase.  The  central  momentum  approximation  in  standard  FROG-CRAB 
and  the  assumption  of  a  flat  dipole  transmission  matrix  element  (DTME)  add  significant 
errors  to  the  reconstruction  of  EUV  pulses  at  low  photon  energy,  as  used  in  this  program.  We 
employed  what  we  call  the  “Volkov  transform  generalized  projections  algorithm”  to 


circumvent  these  bandwidth  restrictions  of  FROG-CRAB ,  while  still  maintaining  the  ability 
to  reconstruct  both  the  attosecond  pulse  and  an  arbitrary  long-wavelength  streak  waveform. 

7.  Implemented  polarization  gating  of  high  harmonic  generation,  thereby  successfully  reducing 
the  temporal  emission  width  to  the  equivalent  of  1  to  2  half-cycles  of  the  800-nm  driving 
pulse.  Using  our  FROG-CRAB  EUV  characterization  device,  we  measured  a  duration  of  2.6 
fs,  marginally  short  enough  for  selective  ionization  of  H2  to  bound  H2+  within  a  fraction  of 
the  7.5-fs  vibrational  half-period  of  H2+  for  two-color  experiments.  However,  their  flux  is 
too  low  for  ion-counting  experiments  to  be  completed  on  a  day-long  timescale. 

5-micron  pulse  generation 

8.  Generated  a  coherent  2-5  micron  (octave-spanning)  spectrum  by  adiabatic  difference 
frequency  generation  using  a  lithium  niobate  crystal,  to  be  used  as  a  seed  laser  for  the  5- 
micron  optical  parametric  amplifier  (OP A). 

9.  Demonstrated  compressibility  of  the  mid-IR  seed  pulses  down  to  1 .1 -cycle  duration. 

10.  Designed  a  mid-IR  OPA  based  on  ZGP  and  CSP  crystals,  instead  of  the  AGGS  originally 
proposed  in  our  program,  and  verified  an  octave-spanning  gain  bandwidth  around  5-micron 
wavelength  when  pumped  by  our  few-cycle  2-micron  OPCPA  pulses  from  the  pulse 
synthesizer. 

Multiplexed  laser  system  development 

1 1 .  To  allow  multi-hour  operation,  improved  the  stability  of  the  optical  parametric  chirped  pulse 
amplifier  (OPCPA)  wavelength  multiplexer  through  shortening  of  path  lengths  and 
implementation  of  beam  pointing  stabilization  of  the  OPCPA  pump  laser  (reducing  peak-to- 
peak  deviation  of  beam  location  at  the  OPA  crystal  from  500  microns  over  30  minutes  to  50 
microns  over  2  hours). 

12.  Increased  the  800-nm  OPCPA  bandwidth  to  support  a  7-fs  transform- limited  pulse  (improved 
from  9-fs)  for  aiding  isolated  attosecond  pulse  generation. 

13.  Implemented  cryo-Yb:YAG  pumped  power  amplifier  stages  in  the  2-micron  and  800-nm 
OPCPA  systems,  obtaining  0.6  mJ,  10-fs  pulses  (7  fs  transform  limit)  and  21-fs,  300- pJ 
pulses,  respectively. 

14.  Identified  a  bistability  issue  in  the  cryo-Yb:YAG  regenerative  amplifier,  and  significant 
energy  and  beam-pointing  fluctuations  in  the  cryo-Yb:YAG  pump  system  overall  (despite  a 
major  effort  to  reduce  these  during  year  2).  Making  the  optical  system  stable  and  robust  and 
appropriate  for  day-long  spectroscopy  experiments  required  an  overhaul  of  the  pump 
amplifier  chain.  We  replaced  the  home-built  cryo-Yb:YAG  regenerative  amplifier  with  a 
commercial  room  temperature  Yb:KYW  regenerative  amplifier.  To  make  up  for  the  lower 
gain,  we  also  needed  to  double  the  number  of  passes  in  the  two  cryo-Yb:YAG  power 
amplifiers.  The  result  was  a  dramatically  improved  amplifier  chain,  with  70  mJ/pulse  before 
compression  and  a  shorter  pulse  duration  of  8  ps,  due  to  the  elimination  of  strong  gain 
narrowing  that  was  characteristic  of  the  cryo-Yb:YAG  regenerative  amplifier.  Energy 
stability  was  improved  to  1.5%  r.m.s  shot-to-shot. 
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Details  of  milestones  reached 


I.  Ion  spectroscopy 

To  conduct  an  experiment  requiring  a  precisely  characterized  and  timed  sequence  of  single¬ 
femtosecond  EUV  and  few-cycle  mid-IR  pulses  passing  by  an  ion  time-of-flight  (TOF) 
spectrometer  for  kinetic -energy-release  (KER)  ion  spectroscopy  of  molecular  gases,  we 
developed  a  vacuum  and  instrumentation  system  as  depicted  in  Fig.  1.1 .  The  system  is  a  modified 
FROG-CRAB  EUV  generation  and  pulse  characterization  setup  funded  through  DARPA, 
AFOSR,  and  the  Center  for  Free  Electron  Lasers  (Hamburg).  For  the  purpose  of  this  project,  we 
have  implemented  an  ion  time-of-flight  (TOF)  spectrometer  together  with  a  molecular  gas  target 
vacuum  chamber  allowing  switching  between  use  of  the  ion  TOF  and  an  electron  TOF  while 
under  high  vacuum.  This  allows  the  system’s  two  purposes  to  be  performed  in  sequence  during 
an  ion  spectroscopy  experiment.  First,  the  system  is  used  to  optimize  attosecond/EUV  pulse 
generation  using  polarization  gating,  EUV  spectral  filtering,  and  FROG-CRAB  characterization. 
Second,  it  is  used  to  perform  the  dual  color  spectroscopy,  in  which  the  EUV  pulses  are  combined 
with  tightly  synchronized  mid-IR  light  pulses. 


Vacuum  system  for  generation,  characterization,  dissociation 


■  Combines 

■  e',  ion,  and  photon  spectrometers 

■  attosecond  pulse  generation  (HHG) 

■  actively  stabilized  streaking  (EUV  +  IR) 
interferometer 

■  System  can  be  used  in  sequence  for 
attosecond  pulse  characterization  and 
strong  field  molecular  dissociation 
measurements 


Fig.  1.1  Schematic  of  ion  spectroscopy  with  two  color  (EUV  +  mid-IR)  laser  fields,  as  constructed  at  MIT  for 
this  project.  Top:  layout  of  vacuum  chambers.  From  right  to  left:  1)  double  chamber  housing  interferometer  for 
attosecond  streaking  with  dual  purpose  of  FROG  CRAB  characterization  of  attosecond/EUV  pulses  and 
precisely  timed  delivery  of  EUV/mid-IR  double-pulse  train  for  ion  spectroscopy;  2)  chamber  housing  electron 
and  ion  time-of-flight  (TOF)  spectrometers;  3)  Rowland-circle  type  EUV  spectrometer.  PD  =  photodiode,  BS  = 
beamsplitter,  DM  =  drilled  mirror,  TM  =  toroidal  mirror,  SM  =  specialized  mirror.  Bottom  left',  photograph  of 
vacuum  chambers.  Inset  shows  direction  of  EUV/mid-IR  beams  across  target  area,  set  between  ion  and  electron 
TOF  apertures. 

In  both  cases,  infrared  pulses  from  the  laser  system  arrive  into  the  vacuum  apparatus 
from  the  right-hand  side.  The  first  component  is  a  specialized  mirror  (SM).  When  the  system  is 
used  for  the  optimization  of  EUV  pulse  generation  this  mirror  is  a  custom,  broadband  gold 
beamsplitter  used  to  split  870-nm  pulses  into  a  HHG  drive  and  a  near-IR  streaking  beam.  In  this 
case,  EUV  pulses  generated  in  a  pulsed  noble  gas  jet  are  focused  by  a  86°  grazing  incidence 
toroidal  mirror  (TM)  and  recombined  with  the  near-IR  streaking  beam  with  a  drilled  mirror 
(DM).  The  two  beams  are  focused  into  an  Ar  gas  jet,  where  the  near-IR  beam  imparts  delay- 
dependent  momentum  shifts  on  the  photoelectrons  generated  by  the  EUV  pulse.  The  electron 
energy  spectrum  collected  by  the  e-  TOF  spectrometer  allows  FROG-CRAB  characterization  of 
the  EUV  pulse  amplitude  and  phase.  Alternatively,  when  the  system  is  used  for  dual-color 
spectroscopy,  the  gold  beamsplitter  is  replaced  by  an  ITO-coated  beamsplitter  used  to  separate 
the  near-IR  and  mid-IR  pulses.  The  near-IR  pulse  is  directed  to  the  HHG  gas  jet  for  EUV  pulse 
generation,  as  before,  and  the  mid-IR  pulse  is  directed  along  the  streaking  beam  path  for  variable 
delay  with  the  HHG  pulse,  once  recombined  as  before  using  the  DM.  These  two  beams  are 
focused  into  an  H2  gas  jet,  where  the  EUV  beam  ionizes  the  molecules  and  the  mid-IR  beam 
imparts  a  delay-dependent  coupling  of  the  bound  and  dissociative  electronic  potentials  of  the  H2+ 
molecular  ion.  If  dissociation  occurs,  H+  ions  are  accelerated  into  the  ion  TOF  by  means  of  a 


charged  metal  plate  on  the  opposite  side  of  the  ion  TOF  aperture,  allowing  detection  of  the  KER 
of  the  protons  at  the  time  of  dissociation. 
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Fig.  1.2.  Ion  TOF  traces  under  influence  of  near-IR  (left)  and  EUV  (right)  pulses  only,  using  the  ion 
spectroscopy  setup  described  in  Fig.  1.1.  For  IR  only,  a  strong  enough  pulse  intensity  results  in 
sequential  ionization  and  dissociation  of  H2  to  produce  protons  of  varying  kinetic  energy.  A  detailed 
look  at  the  TOF  trace  corresponding  to  H+  arrival  times  (middle)  shows  two  pulses.  These  correspond 
to  protons  initially  moving  away  and  toward  the  TOF,  respectively.  The  symmetry  of  this  trace  allows 
calculation  of  the  KER,  i.e.,  the  kinetic  energy  of  the  protons  upon  release  from  the  dissociated  H2+ 
molecule.  For  EUV  only,  in  this  case  the  photon  energies  cover  a  range  suitable  for  ionization  to  both 
ground  and  excited  H2+  states,  thus  both  H+  and  H2+  peaks  can  be  seen.  A  large  part  of  our  effort  was 
devoted  to  creating  an  isolated  EUV  pulse  source  covering  the  16-18  eV  range  only  (see  Section  II), 
thus  allowing  ionization  of  H2+  without  the  creation  of  excited  (dissociative)  molecular  ions.  (Note, 
different  accelerating  potentials  were  used  for  the  IR  and  EUV  measurements,  resulting  in  differing 
times  of  flight  for  the  same  ion  species.) 


A  system  of  bellows  and  movable  TOF  mounts,  using  lockable  bearing  carriages  and 
guide  rails,  allowed  us  to  place  the  ion  and  electron  TOF  spectrometers  flanking  a  target  gas  jet 
to  be  used  sequentially.  The  experimental  procedure,  carried  out  under  vacuum,  works  as 
follows.  First,  the  electron  TOF  is  placed  adjacent  to  the  target  and  optimized  in  position  using 
positioning  bolts.  HHG  and  polarization  gating  setups  (see  section  II  for  details)  are  optimized  in 
first  pass  using  the  EUV  spectrometer.  Then,  using  a  piezo-controlled  stage  to  delay  the  arrival 
of  the  IR  streaking  beam,  the  electron  TOF  is  used  to  measure  the  time-dependent  momenta  of 
electrons  removed  from  an  Ar  gas  target  under  the  combined  influence  of  EUV  pulse  and  IR 
streaking  pulse.  The  resulting  FROG-CRAB  spectrogram  is  used  to  finely  tune  the  polarization 
gating  used  for  isolated  EUV  pulse  generation.  Third,  using  the  positioning  bolts,  the  electron 
TOF  spectrometer  is  moved  away  from  the  gas  target  while  the  ion  TOF  spectrometer  is  moved 
towards  it,  until  the  gas  jet  is  placed  between  the  ion  TOF  entrance  aperture  and  the  acceleration 
plate.  Finally,  the  Ar  gas  is  replaced  by  H2,  and  the  piezo-controlled  stage  is  used  to  control  the 
relative  delay  between  isolated  EUV  and  mid-IR  pulses  for  strong-field  dissociation 
measurements.  Figure  1.2  shows  ion  TOF  traces  after  illumination  by  either  IR  or  EUV  pulses.  In 
both  cases,  peaks  corresponding  to  H+  and  H2+  ions  can  be  detected.  As  explained  in  Section  II, 
we  have  developed  an  EUV  pulse  source  to  cover  the  16-18  EUV  photon  range  only,  restricting 
the  EUV  pulses  to  ionize  H2  and  produce  bound  H2+  molecules  only.  The  H+  dissociation  yield 
due  to  two-color  (EUV  +  IR)  fields  can  then  be  isolated. 

The  Mach-Zender  interferometer  used  to  control  the  optical  path  length  difference 
between  EUV  and  IR  beams  is  stabilized  using  a  HeNe-based  feedback  loop  superimposed  on  a 
majority  of  the  beam  path  taken  by  the  drive  and  streak  beams.  Using  polarization  optics  (“phase 
advancer”),  the  phase  of  one  arm  of  the  HeNe  interferometer  can  be  adjusted  continuously  in  one 
direction  with  high  precision.  With  the  feedback  loop  active,  a  timing  jitter  less  than  250-as 


r.m.s.  is  obtained.  The  optical  period  of  2.1  -pm  light  is  7  fs.  Thus,  the  correspondence  between 
EUV  and  mid-IR  pulse  arrival  times  are  reproduced  with  each  laser  shot  to  A./35  precision. 

II.  EUV/Attosecond  pulse  generation 

A.  Generation  of  Isolated,  Low-Energy  EUV  Pulse 

Of  paramount  importance  to  exciting  and  studying  the  dissociation  dynamics  in  H2  is  the 
development  of  an  isolated  pulse  of  EUV  photons  in  the  appropriate  energy  range.  In  our  case, 
the  ideal  energy  range  was  between  16-18  eV  in  order  to  maximize  the  generation  of  oscillating 
(bound)  H2+  states.  A  direct  route  to  generating  isolated  pulses  was  to  first  continue  the 
development  of  our  hollow  core  fiber  (HCF)  compressor  front-end  for  our  commercial,  35  fs, 
800  nm  titanium  sapphire  system.  While  we  had  used  this  system  to  generate  pulses  down  to  8 
fs  FWHM  [1],  we  had  yet  to  generate  high  harmonics  with  it.  To  start,  we  upgraded  our  HHG 
generation  system  with  a  custom  polarization  gating  setup  to  demonstrate  that  we  could  use  the 
Ti:Sapph+HCF  source  to  generate  both  harmonics  and  continuum  spectra  as  others  have 
demonstrated  with  similar  systems.  The  results  are  shown  in  Fig.  II.l. 


Electron  Energy  (eV) 

Fig.  II.l:  High  harmonic  spectra  generated  using  our  Ti:Sapph  +  HCF  source.  With  a  properly  compressed 
pulse,  one  can  clearly  see  the  effect  of  gating  (blue  curve)  versus  not  gating  (red  curve).  The  spectra  were 
collected  with  an  electron  spectrometer.  The  electrons  were  generated  by  a  single-photon  absorption  in  Ar. 

To  recover  the  EUV  energy,  one  must  add  15.76  eV,  the  ionization  potential  of  Ar. 

Knowing  that  any  successful  experiment  would  require  a  stable  source  of  EUV  photons 
for  potentially  hours-long  experiments,  we  found  it  necessary  to  use  both  active  and  passive 
stabilization  techniques.  To  avoid  fast  pointing  fluctuations,  the  entire  beam  line  was  enclosed. 
Furthermore,  it  was  critical  to  stabilize  the  beam  pointing  into  the  HCF  to  avoid  fluctuations  in 
both  intensity  and  central  wavelength.  The  second  aspect  is  especially  critical  for  high  harmonic 
generation,  where  even  a  slight  shift  in  central  wavelength  of  the  drive  beam  would  lead  to  a 
significant  central  energy  shift  in  the  generated  harmonics.  In  the  end  we  were  able  to  obtain 
pointing  stabilization  to  within  5  pm  RMS  in  X  and  Y,  and  a  timing  jitter  of  less  than  70  as  RMS 


over  hours  of  operation.  To  demonstrate  this  stability,  Fig.  2  shows  the  stability  of  a  gated 
spectrum  over  25  minutes  of  operation. 


0.045 
0.04 
0.035 
0.03 
0.025 
0.02 
0.015 
0.01 
0.005 

0  500  1000  1500 

Time  (s) 

Fig.  II. 2:  Harmonic  generation  stability  study  showing  negligible  energy  and  intensity  drifts  of 
the  HHG  over  a  25  min  period  after  pointing  stabilization  into  the  HCF.  The  spectra  are  again 
electron  spectra  using  Ar  gas  as  the  target. 

With  the  successful  generation  of  harmonics  using  our  gated  800  nm  driver,  we  then 
sought  to  optimize  high  harmonic  efficiency  in  the  16-18  eV  range.  Efficiently  generating 
harmonics  in  this  range  is  difficult  with  standard  atomic  gases  as  their  ionization  potentials  are 
relatively  large.  For  instance,  Kr  and  Xe  have  the  lowest  ionization  potentials  of  ~14  eV  and 
12.13  eV  respectively.  By  simply  increasing  the  laser  intensity  to  achieve  sufficient  ionization 
for  HHG,  one  easily  generates  photons  exceeding  18  eV.  One  could  use  filters  to  isolate  the 
energies  between  16-18  eV,  but  in  our  experience  it  was  difficult  to  find  the  proper  response 
curve  with  adequate  transmission.  One  last  issue  with  Kr  and  Xe  is  their  prohibitive  cost.  In  the 
end,  we  found  we  could  match  or  beat  the  efficiency  of  Kr  and  Xe  in  the  16-18  eV  range  by 
simply  using  molecular  gases  with  lower  ionization  potentials. 

Having  an  ionization  potential  of  9.69  eV,  acetone  gas  presented  an  ideal  candidate  for 
low  energy  harmonic  generation.  With  Acetone  gas  we  could  achieve  HHG  spectra  spanning 
from  the  7th  to  the  1 1th  harmonic  (central  energies  from  10.85-17.05  eV).  As  we  only  desired  the 
1 1th  harmonic,  the  simplest  method  to  suppress  the  7th  and  9th  harmonics  was  to  use  the  thinnest 
possible  film  of  aluminum  (typically  ranging  between  100-250  nm).  Finally,  to  generate  the 
shortest  pulse  possible,  we  found  that  we  could  increase  the  1 1th  harmonic  bandwidth  using  our 
polarization  gating  setup.  Our  final  engineered  pulse  is  shown  in  Fig.  II. 3  below. 
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Fig.  II.3:  (Left)  Engineered  1 1th  harmonic  pulse  with  deisred  16-18  eV  range.  The  EUV  spectrum  is  shown  in 
blue,  while  the  green  curve  demonstrates  the  transmission  of  a  250  nm  thick  A1  filter.  (Right)  The  transform 
limited  pulse  profile  using  the  experimental  spectrum.  There  is  enough  generated  bandwidth  to  support  pulses 
down  to  1  fs  in  duration,  adequate  for  measuring  dissociation  dynamics  of  H2  molecules. 
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Fig.  II. 4:  (Left)  Retrieved  spectrogram.  (Right)  Measured  spectrogram.  The  harmonic  spectrum  was  streaked 
using  a  portion  of  the  8  fs  drive  pulse  from  the  Ti:Sapph  +  HCF.  The  streaking  target  used  was  Ar.  The  circled 
region  indicates  the  region  over  which  the  fit  shown  on  the  left  was  performed. 


Fig.  II. 5:  (Left)  Retrieved  pulse  envolope  (intensity).  (Right)  Pulse  envelope  phase.  The  three  curves  were 
obtained  from  three  separate  regions  of  the  spectrogram.  The  average  FWHM  pulse  duration  was  found  to  be 
2.6  fs,  which  corresponds  to  roughly  one  cycle  of  the  driving  IR  pulse. 

To  characterize  the  temporal  duration  of  the  EUV  pulse,  we  used  a  variation  of  the 
FROG-CRAB  method  that  we  developed  known  as  the  Volkov  Transform  Generalized 
Projection  Algorithm  [2] .  This  method  was  developed  in  order  to  accommodate  several 
deficiencies  of  the  standard  FROG-CRAB  approach,  and  is  discussed  in  more  detail  in  the  next 
section.  The  results  of  the  pulse  characterization  are  shown  in  Figs.  II .4  and  II .5.  The  results 
indicate  that  the  pulse  duration  has  been  isolated  to  within  one  cycle  of  the  driving  field  (<2.66 
fs).  To  give  further  confidence  to  the  retrieved  pulse  form,  we  fit  several  separate  portions  of  the 
retrieved  spectrogram,  all  of  which  yielded  very  similar  results,  and  are  shown  in  Fig.  II .5. 

In  conclusion,  we  were  able  to  engineer  an  isolated  pulse  with  a  bandwidth  spanning  16- 
18  eV,  having  a  pulse  duration  of  2.66  fs.  While  the  photon  energy  and  pulse  duration  of  these 
pulses  are  suitable  for  studying  dynamics  of  H2  dissociation  in  the  presence  of  mid-IR  laser 
fields,  the  major  limiting  factor  was  the  EUV  flux.  The  experimental  spectrogram  in  Fig.  II .4 
took  6  hours  to  record.  When  accounting  for  expected  yields  of  H2+and  H+ during  a  dissociation 
experiment,  we  concluded  that  at  the  current  flux  levels,  the  measurement  time  would  be  as  long 
as  several  days.  With  this,  it  was  concluded  that  to  successfully  translate  these  results  to  realistic 
experimental  conditions  using  the  mid-IR  sources  needed  for  the  dissociation  experiment,  an 
upgrade  to  higher  repetition  rates  (>10  kHz)  would  be  necessary. 

B.  Improvements  to  Attosecond  EUV  Pulse  Characterization 

When  thinking  of  how  to  best  characterize  the  temporal  duration  of  our  low-energy  HHG 
pulses,  we  found  that  there  was  clear  room  for  improvement  of  the  standard  FROG-CRAB 
algorithm  used  for  EUV  pulse  retrieval.  Standard  versions  of  this  method  suffer  from  the  central 
momentum  approximation,  which  is  a  well-documented  issue  [3,4],  Beyond  this,  there  is  no 
natural  way  for  typical  FROG  techniques  to  account  for  the  dipole  transition  matrix  element 
(DTME)  of  the  ionized  atom.  The  latter  can  be  especially  important  when  characterizing  low 
energy  harmonics  with  relatively  large  bandwidths  as  the  DTME  of  atomic  targets  becomes  more 
dispersive  as  photon  energies  approach  the  ionization  potential. 

Both  the  central  momentum  approximation  and  inability  to  account  for  the  DTME  stem 
from  the  fact  that  standard  FROG  algorithms  are  not  designed  to  account  for  non-separable 


functions  of  momentum  and  time.  While  the  PROOF  [3]  algorithm  shows  a  way  one  could 
avoid  the  central  momentum  approximation,  and  iPROOF  [5]  completes  a  full  generalization  of 
the  RABBIT  technique  for  an  arbitrary  spectrum  while  incorporating  physics  of  the 
photionization  process,  these  methods  are  limited  to  streaking  fields  that  are  within  the 
perturbative  intensity  regime,  and  are  restricted  to  streaking  pulse  durations  that  satisfy  the 
slowly  varying  envelope  approximation.  This  limits  their  effectiveness  at  simultaneously 
characterizing  attosecond  pulses  along  with  the  complex,  broadband  electric  field  waveforms 
that  likely  accompany  them  in  streaking  measurements  [6] . 

We  developed  a  new  reconstruction  algorithm  for  FROG-CRAB ,  entitled  the  “Volkov 
Transform”  Generalized  Projections  Algorithm  (VTGPA).  Rather  than  requiring  that  the 
minimization  step  of  the  reconstruction  occur  in  the  time  domain  form  of  the  spectrogram,  it  is 
performed  directly  in  the  frequency  domain.  Using  a  numerically  integrated  form  of  the  full 
expression  describing  the  electron  spectrum  in  the  context  of  the  strong  field  approximation 
(SFA), 


P(k,  t)  = 


S’  00 

I  d  tZx(t—  T)dcv{k  +  i4(t))exp{i(S(/c,  t)  +  IPt)} 

j  —  oo 
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where  k  is  the  final  momentum,  r  the  delay  between  the  IR  and  attosecond  EUV  pulse,  Ex  the 
electric  field  of  the  attosecond  pulse,  A(t)  the  vector  potential  of  the  streaking  pulse,  d(k)  the 
dipole  transition  matrix  element  (DTME),  and  S(k,  t )  =  d t'(k  +  /l(t'))2is  the  accumulated 

Volkov  phase,  we  show  that  the  electric  of  the  attosecond  pulse  can  be  solved  for  directly  in  a 
least  squares  sense.  By  solving  the  expression  in  the  frequency  domain,  no  Fourier  transforms 
steps  are  needed,  making  the  central  momentum  approximation  unnecessary.  As  a  result,  there  is 
no  bandwidth  limitation,  the  full  form  of  the  DTME  can  be  accounted  for,  and  there  is  no 
fundamental  constraint  on  the  form  of  the  vector  potential  so  long  as  Equation  (1)  is  a  valid 
representation  of  the  streaking  process. 
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Fig.  II .6  (Left)  A  flowchart  of  the  LSGPA  algorithm.  In  LSGPA,  the  complex  gate  function  is  used  to 
represent  the  phase  gate  created  by  the  laser-induced  action  after  applying  the  central  momentum 
approximation.  (Right)  A  flowchart  of  the  VTGPA  algorithm.  The  flowchart  has  fewer  elements  than  other 
GPA  approaches,  but  more  computation  is  being  performed  in  the  minimization  step.  No  FFTs  are  used,  and 
the  minimization  is  performed  directly  in  the  frequency  domain. 

To  solve  for  the  vector  potential,  a  more  direct  fitting  approach  was  taken.  To  start,  A(t) 
is  decomposed  into  a  carrier  and  envelope.  The  envelope  is  formed  by  creating  a  cubic  spline 


between  anchor  points,  and  the  carrier  is  represented  as  cos(a>0  +  aqt  +  o)2t2  ... )  ,  where  each 
con  and  anchor  point  is  fit  using  a  Brent’s  method  for  bounded  minimization.  A  bounded 
minimization  scheme  was  preferred  as  in  any  attosecond  streaking  experiment,  the  experimental 
bounds  for  the  streaking  pulse  (such  as  estimated  duration  and  intensity)  are  easy  to  measure. 
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Fig.  II. 7  Simulated  spectrogram  used  for  testing  the  reconstruction.  An  attosecond  EUV  pulse  with  a 
cosine  squared  profile  in  the  energy  domain  was  used.  Its  bandwidth  was  set  to  120  eV  with  a  central 
energy  of  80  eV,  and  a  group  delay  dispersion  of  — 2.17X10-3  fs2.  A  small  side-lobe  pulse  was  included, 
having  the  same  profile,  but  with  a  bandwidth  of  100  eV,  the  same  chirp,  a  time  separation  of  100  as,  and 
roughly  1/4  peak  electric  field  magnitude.  For  the  IR  streaking  pulse,  a  center  wavelength  of  800  nm, 
and  a  Gaussian  envelope  with  duration  of  10  fs  full  width  at  half  maximum  (FWHM)  in  intensity,  a  linear 
chirp  of  25.5xl0-3  fs2,  and  a  peak  intensity  of  lxlO12  W/cm2  was  used.  The  target  gas  was  modeled 

using  simulation  data  for  the  DTME  of  Ar. 

We  have  extensively  compared  VTGPA  to  a  state  of  the  art  FROG-CRAB  retrieval 
routine,  known  as  the  Least  Squares  Generalized  Projections  Algorithm  (LSGPA).  The  flow 
charts  of  these  two  algorithms  are  shown  in  Fig.  II .6,  and  the  results  of  both  methods  using 
simulated  data  are  shown  in  Figs.  II .7  and  II .8.  Due  to  the  central  momentum  approximation, 
and  the  fact  that  it  cannot  account  for  the  DTME,  the  LSGPA  result  is  clearly  corrupted,  while 
the  VTGPA  algorithm  correctly  retrieves  the  exact  pulse  form.  Furthermore,  the  VTGPA  is  also 
more  accurate  at  retrieving  the  exact  IR  waveform.  This  work  has  already  been  presented  at  two 
conferences  [7,8],  and  has  been  submitted  for  publication  [2], 

III.  5-micron  pulse  generation 

Significant  progress  was  made  toward  our  goals  of  generating  energetic  few-optical  cycle 
pulses  in  the  mid-IR  range,  including  the  generation  of  a  10-fs  pulse  centered  at  2.6  pm  (only  1.1 
optical  cycles)  with  1.5  pJ  energy  (>200MW  peak  power)  with  tunable  spectral  amplitude/phase, 
and  the  generation  of  a  35  fs  pulse  centered  at  6  pm  (1 .5  optical  cycles)  with  10  pJ  energy 
(>500MW  peak  power).  The  generation  of  these  pulses  represents  significant  advancements  in 
the  state  of  the  art,  and  necessitated  significant  engineering  advancements.  For  the  generation  of 
the  2.6  pm  pulse  a  new  conversion  technique  was  used  (the  first  demonstration  of  such  a 
technique  to  generate  an  ultra-broadband  pulse),  and  for  the  6  pm  pulse  a  new  optical  material— 


CdSiP2— was  used  (the  first  demonstration  this  material  being  used  to  generate  pulses  of  this 
short  a  duration  and  high  an  energy). 
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Fig.  II.8  (Top  left]  LSGPA  retrieval  of  the  attosecond  pulse.  As  others  have  observed  [3,4,6],  the 
algorithm  retrieves  a  pulse  much  shorter  than  the  actual  value,  in  this  case  roughly  50%  of  the  actual 
FWHM.  While  the  side  lobe  location  is  correct,  the  side  lobe  intensity  is  incorrectly  retrieved.  (Top  right] 
VTGPA  retrieval  of  the  attosecond  pulse.  (Bottom]  Comparison  of  the  IR  field  retrieval  using  both 
algorithms.  While  LSGPA  correctly  retrives  the  shape  of  the  IR  field,  the  peak  field  strength  is 
underestimated,  as  noted  in  [4].  Also,  since  it  fits  every  point  independently,  the  differentiation  step 
needed  to  convert  vector  potential  to  field  increases  the  noise  of  the  retrieval.  However,  the  VTGPA 
retrieval  fits  the  vector  potential  with  a  smooth  function,  and  does  not  suffer  from  this  noise. 


The  2.6  jam  pulses  were  generated  via  chirped-pulse  difference  frequency  generation 
(CPDFG)  between  2  frequency  bands  of  an  amplified  Ti:Sapphire  laser  system.  One  of  the 
bands  was  a  0.2  nm  bandwidth  centered  at  1047  nm,  which  was  amplified  in  a  home  built 
Nd:YLF  based  chirped  pulse  amplification  (CPA)  laser  system.  The  other  band  was  a  200nm 
bandwidth  centered  at  750  nm  which  was  amplified  in  a  home  built  optical  parametric  chirped 
pulse  amplifier  (OPCPA)  system,  which  was  pumped  by  the  previously  mentioned  CPA.  The 
difference  frequency  between  these  two  bands  spans  from  1.8-4 .5  pm,  however  at  the  time  this 
project  began  there  was  no  way  to  reasonable  (even  >1%)  conversion  efficiency  over  this  broad 
bandwidth  in  this  wavelength  region.  To  combat  this  issue  a  new  technique  was  developed  in 


collaboration  with  H.  Suchowski,  which  we  call  adiabatic  frequency  generation.  This  technique 
takes  advantage  of  the  fact  that  in  periodically  polled  nonlinear  crystals  (KTP,  CLN,  etc)  it  is 
possible  to  vary  the  phase  matching  conditions  along  the  longitudinal  (propagation)  axis  of  the 
crystal,  which  allows  for  one  to  artificially  increase  the  bandwidth  of  the  phase  matching 
process. 


Fig.  III.  1 .  (a)  Experimental  setup:  Nd:YLF  CPA,  12-ps,  1-kHz,  4-mJ;  GR1,  grism;  NOPA1,  BBO  5mm;  GR2 
grism;  Dazzler  (Fastlite);  NOPA2,  BBO  3mm;  ADFG,  aperiodically  poled,  20-mm  MgO-doped  congruent 
LiNb03  grating;  Compressor,  Bulk  Silicon  Compressor,  21mm  single  pass,  (b)  Far  field  profile  of  compressed 
beam.  From  ultrafast  phenomena  submission;  to  be  published  in  conference  proceedings  (2016). 


Fig.  III.B.  (a-d)  Experimentally  measured  FROG  characterization  of  compressed  pulse:  (a)  Measured  FROG 
trace,  (b)  Retrieved  FROG  trace,  (c)  Retrieved  electric  field  in  the  temporal  domain  (blue:  intensity,  gray: 
phase),  (d)  Retrieved  FROG  trace  in  the  spectral  domain  (blue:  retrieved  intensity,  red:  measured  intensity; 
gray:  phase),  (e-h)  Experimentally  measured  FROG  characterization  of  a  pulse  pair  with  50  fs  separation:  (e) 
Measured  FROG  trace,  (f)  Retrieved  FROG  trace,  (g)  Retrieved  electric  field  in  the  temporal  domain  (blue: 
intensity,  gray:  phase),  (h)  Retrieved  FROG  trace  in  the  spectral  domain  (blue:  retrieved  intensity,  red: 
measured  intensity;  gray:  phase).  From  ultrafast  phenomena  submission;  not  yet  published. 


In  this  work  we  used  a  specific  case  of  adiabatic  difference  frequency  generation 
whereby  the  lower  energy  of  the  two  input  bands  (the  1047nm  band  in  this  case)  is  much 
stronger  than  the  other,  which  results  in  a  situation  whereby  the  conversion  to  the  difference 
frequency  asymptotically  approaches  unity  as  the  intensity  of  the  middle  energy  pulse  is 
increased.  Furthermore,  within  the  practical  limitations  of  the  experiment  (achievable  poling 
periods,  crystal  dimensions,  crystal  damage  threshold,  availability  of  laser  sources,  etc)  we  were 
able  to  generate  an  idler  spanning  from  1 .8-4.5  pm  with  1 .5  pJ  energy  [9].  Furthermore,  an 
intrinsic  property  of  CPDFG  is  that  many  of  the  properties  of  the  seed  pulses  are  transferred  to 
the  generated  difference  frequency  signal,  which  we  use  to  allow  us  to  shape  the  generated 
pulses  in  the  mid-IR  using  the  pulse  shaping  tools  in  the  near-IR  OPCPA  system  [10].  For 
example,  we  used  the  acousto-optical  programmable  dispersive  filter  (AOPDF)  in  the  near-IR 
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OPCPA  system  to  fine  tune  the  spectral  phase  on  the  mid-IR  pulse  so  that  we  can  compress  the 
pulse  down  to  within  15%  of  its  Fourier  limited  pulse  duration  of  10  fs  using  a  simple  piece  of 
bulk  material  (Silicon,  21mm  in  length)  [11].  Furthermore,  we  can  further  shape  the  generated 
mid-IR  pulse  using  the  near-IR  pulse  shaper,  for  example  to  generate  pulse  pairs  as  may  be 
necessary  in  pump-probe  and  spectroscopic  measurements  [12].  We  also  point  out  that  the  ability 
to  shape  the  greater-than-octave-spanning  bandwidth  of  the  generated  mid-IR  pulse  is  not  easily 
achieved  using  existing  pulse  shaping  techniques  (AOPDFs,  spatial  light  modulators  inserted  in  a 
grating  stretcher,  and  similar  devices),  which  are  typically  limited  to  sub-octave  bandwidths. 
Details  of  the  experimental  setup  are  shown  in  Fig.  Ill .  1 ,  and  a  measurement  of  the  generated 
mid-IR  pulse  is  shown  in  Fig.  Ill .2.  Complete  details  of  the  theoretical  modeling  and 
experimental  work  are  given  in  our  publications  on  the  subject  [9-12], 

The  generation  of  6  pm  pulses  is  based  on  traditional  optical  parametric  amplification 
(OPA).  The  generated  pulse  from  the  aforementioned  CPDFG  system  is  combined  with  a 
portion  of  the  energy  from  the  2  pm  OPCPA  laser  system  constructed  as  a  part  of  the  pulse 
synthesizer.  The  bandwidth  of  the  seed  pulse  was  artificially  narrowed  (using  the  AOPDF  in  the 
system)  to  span  from  3-4.5  pm  (and  generating  a  corresponding  35  fs  pulse  at  3.6  pm)  to  match 
the  gain  bandwidth  of  the  OPA.  Approximately  1  mJ  of  energy  from  the  pump  laser  (30  fs  in 
duration  at  2.1  pm  central  wavelength)  was  used  as  a  pump.  These  two  beams  were  combined  in 
a  nondispersive  polarizing  beam  splitter  (consisting  of  a  thin,  uncoated,  silicon  plate  at  brewsters 
angle)  and  the  beams  were  focused  onto  the  OPA  crystal.  For  this  work  two  materials  were 
used,  a  1 .1  mm  thick  CSP  and  0.5mm  thick  ZGP  crystal,  both  provided  by  our  collaborator  P. 
Schunemann.  Both  of  these  materials  were  found  to  work  acceptably,  with  ZGP  offering  slightly 
shorter  pulse  durations  and  CSP  offering  slightly  higher  conversion  efficiency.  With  ZGP  an 
energy  of  5  pJ  was  achieved  with  a  pulse  duration  of  roughly  34  fs  (1 .7  optical  cycles  at  the  6 
pm  central  wavelength),  and  with  CSP  and  energy  of  10  pm  as  achieved  with  a  pulse  duration  of 
roughly  40fs.  The  duration  of  the  pulses  were  characterized  in  a  homebuilt  interferometric 
autocorrelator,  and  are  roughly  compressed  as  shown  in  Figure  C.  Complete  details  of  the 
theoretical  modeling  and  experimental  work  are  given  in  our  publications  on  the  subject  [13-14], 
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Fig.  Ill .3  (a)  Measured  amplified  spectra  of  signal  and  idler  with  ZGP  crystal  and  CSP  crystal,  (b)  Measured 
autocorrelation  of  ZGP  idler  (blue)  and  transform  limited  autocorrelation  (grey,  32  fs  FWHM).  (c)  Measured 
autocorrelation  of  CSP  idler  (red)  and  transform  limited  autocorrelation  (grey,  33  fs  FWHM). 


IV.  Multiplexed  laser  system  development 


Significant  progress  was  made  toward  our  goals  of  improving  the  laser  facilities  to  support  the 
needs  of  the  experiments  proposed  for  this  project,  including  significant  improvements  to  the 
existing  pulse  synthesizer  system  to  improve  its  long-term  stability,  a  complete  overhaul  of  the 
high  power  pump  laser  system  to  improve  its  energy  and  stability,  and  the  construction  of 
additional  OPCPA  amplifier  stages  to  amplify  the  output  of  the  existing  pulse  synthesizer  to  the 
millijoule  levels.  The  net  result  of  these  efforts  include  a  novel  hybrid  room  temperature 
Yb:KGW  /  cryogenically  cooled  Yb:  YAG  pump  laser  system  capable  of  delivering  50  mJ  pulses 
compressed  to  6  ps  duration,  and  a  pulse  synthesizer  capable  of  generating  pulses  CEP  stable 
pulses  at  800  nm  and  2.1  pm  with  0.6  mJ  and  0.3  mJ  pulse  energies,  respectively,  with  pulse 
durations  of  10  fs  and  21  fs  respectively,  and  with  sufficient  stability  for  the  experiments 
proposed.  At  the  time  of  construction  the  pump  laser  was  the  most  energetic  cryogenically 
cooled  picosecond  laser  system  operating  a  kilohertz  repetition  rates,  and  the  unique  capability  of 
the  pulse  synthesizer  to  generate  highly  intense,  multi-color,  pulses  synchronized  with  sub¬ 
femtosecond  resolution  was  unmatched. 

The  basis  for  the  work  on  this  project  was  the  pulse  synthesizer  already  constructed  at 
MIT  by  the  Kaertner  group  [15] .  To  meet  the  demands  of  this  project  it  was  necessary  to 
improve  both  the  long  term  stability  of  the  system  (the  existing  system  needed  frequency  re¬ 
alignment,  and  the  experiments  proposed  require  many  hours  of  uninterrupted  operation)  and  the 
output  energy  (the  existing  system  produced  20  pJ  in  each  color,  these  experiments  require  in 
excess  of  500  pJ  in  the  near-IR  arm  and  roughly  100  pJ  in  the  mid-IR  arm).  After  a  careful 
study  of  the  existing  laser  system  it  was  determined  that  the  primary  source  of  instabilities  was 
the  pump  laser  system  (which  consists  of  a  home  built  Nd:YLF  CPA  laser  system),  and  in 
particular  while  the  pulse  energy  of  this  system  was  highly  stable  there  were  slight  changes  in  the 
output  pointing  of  the  beam  which  caused  the  performance  of  the  following  OPCPA  stages  to 
degrade  over  the  course  of  several  hours.  This  was  solved  by  adding  a  semi-custom  beam 
pointing  stabilization  system  which  used  quadrant  photodiode  detectors  and  piezo-electric 
actuated  mirrors  to  remove  the  slow  drifts  from  the  pump  laser.  The  result  of  this  improvement, 
as  shown  in  Fig.  IV.  1,  was  an  order  of  magnitude  reduction  of  beam  pointing  drifts  in  the 
system,  from  a  movement  of  the  center  of  the  beam  as  measured  at  the  first  near-IR  OPCPA 
stage  from  0.5  mm  over  2  hours  to  0.03mm  over  the  same  period. 


Fig.  IV. 1 :  Pointing  stability  of  Nd:  YLF  pump  laser  over  a  2  hour  period  without  (left)  and  with  (right)  the  active 

pointing  stabilization  active. 

This  improvement  removed  the  majority  of  the  alignment  drift  present  if  the  system; 
however  there  still  remained  a  slow  shift  in  the  central  wavelength  and  output  power  due  to 
slight  timing  drifts  between  the  pump  laser  and  OPCPA  system,  which  are  a  result  of  slight 


thermal  fluctuations  in  the  oscillator  and  regenerative  amplifier.  Because  these  drifts  were 
purely  thermal  drifts  it  was  possible  to  remove  them  entirely  with  a  slow  feedback  loop  based  on 
monitoring  the  spectrum  of  the  amplified  pulses  in  the  OPCPA  and  adjusting  a  motorized  delay 
line  to  adjust  the  optical  path  length  between  the  pump  and  seed  lasers  With  these  two 
improvements  the  OPCPA  systems  were  free  of  pointing  and  spectral/power  shifts,  as  shown  in 
Fig.  IV .2. 
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Fig.  IV .2:  Energy  and  spectral  stability  of  the  2  pm  laser  system  measured  over  a  4  hour 
period.  The  RMS  energy  fluctuations  were  2.5%  RMS  over  10  second  2.8%  over  the  full  4 
hour  period. 


Further  improvements  were  required  in  the  800nm  OPCPA  system  to  increase  the 
bandwidth  of  this  amplifier  to  meet  the  needs  of  the  proposed  experiments.  This  necessitated  an 
complete  rebuild  of  the  800nm  OPCPA  system,  including  the  replacement  of  the  original  prism 
based  stretcher  with  a  prism+grating  ‘grism’  stretcher,  reduction  of  thickness  of  the  amplifier 
crystals,  and  careful  attention  to  optimizing  the  system  for  a  broad  bandwidth  while  maintaining 
keeping  the  beam  profile,  energy,  superfluorescence,  etc.,  at  acceptable  levels  [9].  The 
improvement  in  the  bandwidth  achievable  in  the  800nm  arm  of  the  pulse  synthesizer  is  shown  in 
Fig.  IV. 3,  and  the  new  system  supports  the  generation  of  pulses  as  short  as  7  fs  in  duration. 


800nm  OPCPA  Spectra 


Fig.  IV .3:  Measured  spectrum  of  the  800nm  laser  system  before  (left)  and  after  (right)  being 
rebuilt.  The  spectral  narrowing  from  lst(blue)  to  2nd  (red)  stage  is  due  to  the  limited 
bandwidth  of  the  pulse  between  these  stages. 


After  the  upgrades  to  the  pulse  synthesizer  seed  system  were  completed  it  was  possible  to 
add  the  additional  power  amplifiers  needed  to  amplify  the  ~10  pJ  energies  available  from  the 
seed  system  to  the  millijoule  levels  needed  for  the  proposed  experiments.  In  the  800nm  channel 
an  additional  amplifier  consisting  of  a  2mm  thick  BBO  crystal  was  used,  which  was  pumped  by 
up  to  8  mJ  at  523nm  (provided  by  the  cryogenic  pump  laser  system  discussed  later),  to  produce 
up  to  0.6  mJ  at  800nm.  As  shown  in  Fig.  IV .4  the  spectrum  after  amplification  preserves  the  full 
bandwidth  of  the  seed  signal  shown  in  Fig.  IV .3,  and  the  7  fs  transform  limited  pulse  duration 
was  preserved.  The  2  pm  laser  system  was  amplified  in  a  1 ,8mm  thick  periodically  polled  SLT 
crystal  using  up  to  5  mJ  pulse  energy  at  1030nm  (also  provided  by  the  cryogenic  pump  laser)  to 
achieve  up  to  0.3  mJ  amplified  pulse  energy.  As  shown  in  Fig.  IV .4,  the  bandwidth  from  the 
seed  source  was  again  preserved  and  the  amplified  spectrum  supports  a  21-fs  pulse  duration. 
Inherent  to  the  OPCPA  based  pulse  synthesizer  architecture  is  the  fact  that  the  pulses  could 
easily  be  recompressed  using  the  existing  compressors,  only  requiring  minor  corrections  to 
integrated  pulse  shapers  to  compensate  for  the  dispersion  of  the  added  components.  In  addition 
to  the  SLT  based  2  pm  amplifier,  an  additional  amplifier  consisting  of  a  5-mm  thick  BBO  crystal 
was  used  to  achieve  energies  at  high  at  3.5  mJ  using  up  to  50  mJ  at  1030nm  (from  the  cryogenic 
pump  laser),  with  a  narrower  bandwidth  corresponding  to  a  30  fs  pulse  duration,  which  was  used 
for  powering  the  further  mid-IR  OPA  used  to  generate  pulses  at  6  pm,  as  discussed  in  detail 
elsewhere. 
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Fig.  IV .4:  Measured  spectrum  of  the  800nm  laser  system  (left)  and  2  pm  laser  system  (right) 
after  amplification  in  the  final  stage.  The  measured  beam  profiles  of  each  system  are  shown 
in  the  insets. 

In  addition  to  the  OPCPA  upgrades,  the  cryogenic  pump  laser  system  required  a  complete 
overhaul  to  achieve  the  performance  needed  for  the  goals  set  forth  in  this  project.  After  a  careful 
study  of  the  performance  of  the  existing  cryogenic  pump  laser  system  at  MIT,  it  was  concluded 
that  the  primary  source  of  instabilities  in  the  system  was  the  home-built  cryogenically  cooled 
regenerative  amplifier,  which  had  issues  relating  to  thermal  drifts  in  the  system  causing  pointing 
shifts  and  the  being  prone  to  bi- stable  operation  due  to  the  lifetime  of  cryogenic  Yb:YAG  being 
relatively  close  to  the  repetition  rate  of  the  system.  Both  of  these  issues  were  eliminated  by 
moving  to  a  commercial  Yb:YGW  regenerative  amplifier,  at  the  expense  of  greatly  reduced 
output  power  (2  mJ  compared  to  the  nearly  10  mJ  available  from  the  home-built  system).  The 
reduced  output  power  of  the  regenerative  amplifier  was  compensated  for  by  increasing  the  gain 
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in  the  multipass  amplifier  chain,  and  furthermore  the  increased  bandwidth  available  from  the 
Yb:KGW  amplifier  (greater  than  0.5nm  compared  to  the  ~0.1nm  available  with  the  cryogenic 
amplifier)  increased  the  stretched  pulse  duration  throughout  the  amplifier  chain,  and  reduced  the 
nonlinear  phase  (B -integral)  accumulated  in  the  multipass  amplifier.  The  design  of  the  complete 
amplifier  system  is  discussed  at  length  in  our  publications  [16,17].  Furthermore,  the  increased 
bandwidth  allowed  the  generation  of  shorter  compressed  pulses  (8  ps  compared  to  18  ps 
available  previously),  which  simplified  the  dispersion  management  throughout  the  OPCPA 
system.  Fig.  IV .5  shows  an  autocorrelation  of  the  compressed  pulses  and  the  beam  profile  of  the 
amplified  beam. 


Fig.  IV.5:  Left  -  Autocorrelation  of  the  compressed  1030nm  pulses,  assuming  a  Sec2 
pulse  the  deconvolved  pulse  duration  is  8.2  ps.  Right  -  Measured  beam  profile  of  the 

amplified  beam. 


After  the  upgrades  to  the  seed  system  and  multipass  amplifier  it  was  concluded  that  the 
pointing  fluctuations  (introduced  due  to  thermal  drifts  of  the  optical  table  upon  which  the 
amplifier  was  built)  were  too  large  for  stable  OPCPA  operation,  so  an  additional  pointing 
stabilizer  was  added  which  reduced  the  pointing  fluctuations  to  negligible  levels,  as  shown  in 
Fig.  IV .6.  Also  shown  in  Fig.  IV .6  is  the  energy  stability  of  the  system,  which  was  measured  to 
be  1%  RMS  over  10  seconds  and  3.5%  RMS  over  an  8  hour  period. 
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Fig.  IV .6:  Pointing  and  energy  stability  of  the  compressed  beam.  Left  -  Pointing  stability  of 
the  system  with  the  pointing  stabilizer  active,  the  pointing  drifts  are  6  pRad  in  the  horizontal 
and  2  pRad  in  the  vertical  direction.  Right  -  Energy  stability  of  the  system,  showing  a  1% 
RMS  fluctuation  over  a  10  s  measurement  period,  and  3.5%  RMS  over  the  full  8  hour  period. 
The  inset  shows  the  pulse  energy  distribution  over  the  first  60  seconds  of  the  measurement. 
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